Mitochondrial function, a key indicator of cell health, can be assessed by monitoring changes in mitochondrial membrane potential (MMP). Cationic fluorescent dyes are commonly used tools to assess MMP. We used a water-soluble mitochondrial membrane potential indicator (m-MPI) to detect changes in MMP in HepG2 cells. A homogenous cell-based MMP assay was optimized and performed in a 1536well plate format to screen several compound libraries for mitochondrial toxicity by evaluating the effects of chemical compounds on MMP.
Introduction
Mitochondria, commonly referred to as power houses of the cell, play a vital role in cellular physiology. The majority of the cellular energy (ATP) in eukaryotic cells is generated in the mitochondria through oxidative phosphorylation [1] , during which electrons are transferred from electron donors to electron acceptors such as oxygen. The mitochondrial electron transport chain creates an electrochemical gradient through a series of redox reactions. This electrochemical gradient drives the synthesis of ATP [2] and generates the mitochondrial membrane potential (MMP), which is a key parameter for evaluating mitochondrial function [3] .
Mitochondrial dysfunctions have been associated with various disorders such as cancer, cardiovascular diseases, diabetes, and neurodegenerative diseases [4] . The toxicity of xenobiotic compounds can have either a direct or a secondary effect on mitochondrial function. Many of these compounds reduce MMP by perturbing a variety of macromolecules in the mitochondria, and therefore affecting different mitochondrial functions. A decrease in the MMP may also be linked to apoptosis [5] . Thus these organelles are an ideal target for in vitro toxicity studies.
Several cell membrane permeable fluorescent dyes, such as 3, 3′-dihexyloxacarbocyanine iodide [DiOC6(3)], rhodamine-123 (Rh123), tetramethyl rhodamine methyl and ethyl esters (TMRM and TMRE), and JC-1, are currently available to measure changes in MMP. Based on the assay optimization of our previous study [6] , we selected the water-soluble m-MPI indicator to determine mitochondrial toxicity by screening the compound libraries against HepG2 cells in a 1536-well plate format. In healthy cells, m-MPI accumulates in the mitochondria as red fluorescent aggregates (emission at 590 nm). When MMP depolarizes and cells become less healthy, m-MPI aggregates are converted to green fluorescent monomers (emission at 535 nm) and remain in the cytoplasm ( Fig. 1 ). So the red/green fluorescence ratio can be used in determining the mitochondrial function of cells.
Materials
1. Purifier Logic + Class II, Type A2 Biosafety Cabinet for cell operations.
2. Steri-Cult CO 2 Incubator for culturing cells at 37 °C under a humidified atmosphere and 5 % CO 2 . 
Equipment

Methods
1. HepG2 cells obtained as a frozen stock, were thawed in culture medium by adding 1 mL of frozen stock to 9 mL of medium, and were centrifuged for 4 min at 900 rpm.
2. The seeding density for thawing was 2.0 × 10 6 cells per T-75 flask.
Reagents/ Supplies
Cell Culture
3. HepG2 cells were grown at 37 °C, 5 % CO 2 and 95 % humidity in T225 flasks in Steri-Cult CO 2 Incubator.
4. For the expansion, the culture medium was aspirated and the monolayer was rinsed twice with DPBS, followed by the addition of 7 mL of Trypsin-EDTA solution.
5. The cells were detached from the surface by incubation for 3-4 min at 37 °C with Trypsin-EDTA, and resuspended with culture medium. The cells were then centrifuged for 4 min at 900 rpm.
6. The seeding density for expansion was 4.0 × 10 6 cells per T225 flasks.
1. The human HepG2 cells were harvested from the 80-90 % confluent culture flasks by using Trypsin-EDTA for detachment of the cells from the culture flask. The cells were centrifuged and the resulting pellet was resuspended with culture medium.
2. The cells were plated at 2000 cells/well in 5 μL of the culture medium into a 1536-well black wall/clear bottom plate using Multidrop Combi (see Note 1).
3. The assay plates were incubated overnight at 37 °C for cell adhesion.
4. The adhered cells were treated with 23 nL of test compounds and positive control using a Pintool. The test compounds were transferred to columns 5-48, the positive control compound (FCCP) was transferred to columns 1-3 (Dose titration in column 1 at a start final concentrations of 11.5 μM with 1:1.5 dilutions; Columns 2 and 3 with 6.9 and 3.5 μM FCCP, respectively), and DMSO only was transferred to column 4.
5.
The assay plates were incubated at 37 °C for 1 h or 5 h.
6. After the respective incubation times, 5 μL of 2x m-MPI dyeloading solution (10 μL of m-MPI stock solution added to 5 mL of MMP assay buffer, mixed well by vortexing) was added to each well using FRD (see Note 2).
7. The assay plates were incubated at 37 °C for 30 min.
8. Fluorescence intensity (485 nm excitation and 535 nm emission for green fluorescent monomers, 540 nm excitation and 590 nm emission for red fluorescent aggregates) was measured using an Envision plate reader.
9. Data were expressed as the ratio of 590 nm/540 nm emissions, an indicator of MMP. The positive control, FCCP, concentration-dependently decreases MMP with IC 50 s of 44 and 116 nM for 1 and 5 h treatment, respectively (Fig. 2) .
10. Right after MMP assay, 2 μL of CellTiter-Glo ® reagent was added to each well using FRD.
Quantitative High-Throughput Screening (qHTS) Protocol of MMP and Cell Viability
Multiplex Assay [6, 7] 11. The assay plates were incubated at room temperature for 30 min.
12. Luminescence intensity was measured using Viewlux plate reader.
1. The human HepG2 cells were plated at 2000 cells/well in 5 μL of the culture medium into a 1536-well black wall/clear bottom plate using Multidrop Combi.
2. The assay plates were incubated overnight at 37 °C for cell adhesion.
3. The adhered cells were treated with the test compounds and positive control (FCCP, 6.9 and 3.5 μM).
4. The treated plates were incubated at 37 °C for 1 or 5 h.
5.
After the respective incubation times, 5 μL of 2x m-MPI dyeloading solution with 0.3 μg/mL of Hoechst 33342 were added to each well using FRD.
6. The assay plates were incubated at 37 °C for 30 min.
7. The fluorescence intensities (482 nm excitation and 536 nm emission for green fluorescent monomers; 543 nm excitation and 593 nm emission for red fluorescent aggregates; 377 nm excitation and 447 nm emission for Hoechst 33342) were measured using an ImageXpress Screening System.
8.
Imaging was processed and analyzed with the MetaXpress ® and PowerCore ® software using the Multi Wavelength Cell Scoring algorithm. The mean of average fluorescence intensity from each positive cell was calculated per well for both green and red fluorescent colors.
9. Data were expressed as ratio of 593 nm/536 nm emissions. 2. For proper mixing of the m-MPI dye with the buffer, the buffer should be taken out from 4 °C a couple of hours prior to the assay in order to reach room temperature.
Imaging Based MMP Assay [6, 8]
